Abstract Our knowledge and experience of IgG4-related sclerosing cholangitis (ISC) have expanded in the last decade. ISC is one of the common organ manifestations of IgG4-related disease (IgG4-RD); approximately 60 % of patients with this systemic condition have ISC in the proximal and/or distal bile ducts. ISC needs to be discriminated from primary sclerosing cholangitis, cholangiocarcinoma, and other rare forms of lymphoplasmacytic cholangiopathy (e.g., follicular cholangitis and sclerosing cholangitis with granulocytic epithelial lesions). Its diagnosis requires a multidisciplinary approach, in which serology, histology, and imaging play crucial roles. Treatments with high-dose corticosteroids typically lead to the rapid and consistent induction of disease remission. Another promising therapeutic approach is B-cell depletion with rituximab. Although disease relapse is relatively common, provided that appropriate treatments are administered, ISC is considered a ''benign'' disease with a low risk of liver failure and biliary malignancy. Its molecular pathology is characterized by Th2-dominant immune reactions, regulatory T-cell activation, and CCL1-CCR8 interactions. Particular subsets of B cells such as plasmablasts and regulatory B cells also expand. A recent global proteomic study demonstrated that three significantly activated immunological cascades in ISC were all B-cell-or immunoglobulin-related (Fc-gamma receptormediated phagocytosis, B-cell receptor signaling pathway, and Fc-epsilon receptor I signaling pathway), suggesting the crucial roles of B cells in the underlying immune reactions. Despite the expansion of our knowledge of the pathophysiology of ISC, the exact role of IgG4 remains unclear. A better understanding of its immunopathology will offer some potential drug targets for this emerging biliary disease.
Introduction
The relationship between IgG4 and type 1 autoimmune pancreatitis (type 1 AIP) was elucidated in 2001 [1] . Subsequent pathological studies identified similar IgG4-related fibroinflammatory conditions in various organs outside the pancreas [2] [3] [4] [5] [6] [7] [8] [9] [10] , eventually leading to the recognition of a systemic condition named IgG4-related disease (IgG4-RD) [11, 12] . During this process, the bile duct appeared to be one of the target organs commonly affected by this condition [13] [14] [15] . Sclerosing cholangitis is a central biliary manifestation of IgG4-RD [13] [14] [15] . Although our clinical experience and knowledge of IgG4-related sclerosing cholangitis (ISC) have expanded rapidly in the last decade, many questions remain to be answered. One example is that isolated ISC without other organ involvement is still challenging to diagnose in clinical practice. Another question is whether ISC increases the risk of cholangiocarcinoma in the long term. The exact role of IgG4 in the pathogenesis of ISC is also poorly understood.
In this review, we summarize our current understanding of the clinical and molecular features of this emerging biliary disease and also discuss future perspectives.
Pancreatobiliary manifestations of IgG4-RD
The pancreatic manifestation of IgG4-RD is currently termed type 1 AIP or IgG4-related pancreatitis [16, 17] . It is important to note that another type of AIP (type 2 AIP) is outside the spectrum of IgG4-RD. The term AIP is used to describe this less common form of pancreatitis, given that its imaging features are nearly indistinguishable from those of type 1 AIP and both types respond similarly to steroid therapy [18] . However, these two conditions are entirely distinct in their pathophysiology; type 2 AIP is not related to IgG4.
IgG4-related disease may develop in various organs, and the incidence of each organ manifestation varies widely [19] . Pancreatitis is the leading manifestation of this systemic condition, being diagnosed in 60 % of patients with IgG4-RD [20] . The second most common manifestation is sialadenitis (34 %), followed by tubulointerstitial nephritis (23 %), dacryoadenitis (23 %) , and periaortitis (20 %) [20] . An important aspect is that 95 % of patients with IgG4-RD have at least one of the top-five manifestations [20] . In terms of biliary involvement, given that the intrapancreatic bile duct is damaged in most patients with IgG4-related pancreatitis, lower duct cholangitis is also common. In contrast, the frequency at which the proximal bile ducts (e.g., hilar ducts and intrahepatic bile ducts) are affected is markedly lower, and, thus, this manifestation is ranked as sixth (13 %) [20] .
IgG4-related sclerosing cholangitis develops in close association with type 1 AIP. Intrapancreatic ISC is mostly associated with AIP, suggesting that lower duct involvement is not a primary disease, and more likely represents a direct extension of the inflammatory process from the pancreas [21, 22] . Since isolated lower duct ISC is extremely uncommon, caution is needed when considering this condition for patients with lower duct cholangitis, but without pancreatitis. In contrast, proximal ISC (e.g., hilar ducts and intrahepatic bile ducts) may occur either solely or in association with pancreatitis [23] . Among 142 consecutive cases of IgG4-related pancreato-cholangitis, pancreatitis with or without intrapancreatic biliary involvement was detected in 78 % of cases, pancreatitis and proximal ISC in 20 %, and isolated proximal ISC in 2 % (Fig. 1 ) [20] . Most patients with isolated ISC have IgG4-RD in other organs outside the pancreatobiliary system, suggesting that true isolated cholangiopathy is exceptionally rare in IgG4-RD. Since this figure is based on data obtained from general hospitals, the incidence of isolated ISC is expected to increase up to 8 % in tertiary referral centers [14] . In most patients with both pancreatitis and proximal cholangitis, these two conditions develop simultaneously. Proximal bile duct involvement may also appear at the time of relapse in patients with type 1 AIP, while ISC prior to the development of type 1 AIP is much less common [24] .
The overall prevalence rate of type 1 AIP in Japan is estimated to be 4.6 per 100,000 population with an annual incidence rate of 1.4 [25] ; therefore, the prevalence and incidence of proximal ISC are expected to be 1.0 and 0.3 per 100,000 population, respectively.
Clinical features
Unlike classic autoimmune diseases, ISC more commonly develops in males with a male-to-female ratio of 4:1. More than 90 % of patients are diagnosed with ISC in their 60s or older [20] . Approximately 20 % of patients have a history of allergic disorders such as bronchial asthma, chronic sinusitis, and drug allergies. Up to 15 % of patients with IgG4-RD also have hypothyroidism and/or Hashimoto's thyroiditis [26] . Although some patients rarely have other autoimmune diseases (e.g., rheumatoid arthritis and inflammatory bowel disease), they are more likely to be an incidental association with no proven pathogenetic relevance.
Patients with ISC typically present with obstructive jaundice [14, 15, 27] . This presentation is particularly common in patients with concomitant pancreatitis. Nonspecific symptoms such as abdominal pain may trigger the diagnosis of this condition. In patients with multi-organ lesions, bile duct involvement is sometimes detected unexpectedly by imaging studies. Unlike PSC, which is often diagnosed at the advanced stage (e.g., liver cirrhosis), this presentation is uncommon in ISC.
Serum IgG4 elevations are the most sensitive and specific non-invasive examination for the diagnosis of ISC [14, 15, 27] . By using a typical cut-off value of 135 or 140 mg/dl, a previous study demonstrated that approximately 80 % of patients with ISC had elevated levels of IgG4 [28] . However, a caveat is that its specificity appears to be lower than initially considered. IgG4 may be elevated in patients with PSC (*10 %) or cholangiocarcinoma (*15 %), and even a non-selected cohort of patients (*7 %) who visit hospitals for various reasons [28] [29] [30] . One possible approach to increase diagnostic specificity is to use a twofold higher cut-off value (270 or 280 mg/dl) [28] . This approach increases specificity to more than 90 %; however, sensitivity is reduced to 50 %. Another method is to calculate the ratio of IgG4 to total IgG or IgG1 [20, 31] . A ratio criterion such as IgG4/IgG [ 0.10 or IgG4/IgG1 [ 0.24 is useful for discriminating ISC from other neoplastic and non-neoplastic biliary diseases [20, 31] . This additional calculation is helpful particularly when IgG4 elevations are less than twice the upper limit of the normal range.
Other serological abnormalities that have been reported in patients with ISC include IgG elevations (*60 %), hyper-c-globulinemia (*50 %), antinuclear antibodies (ANAs) (*40 %), and rheumatoid factor (*20 %) [32] . Autoantibodies that are specific to other conditions (e.g., anti-mitochondrial antibody [AMA] and anti-neutrophil cytoplasmic antibody [ANCA]) are typically undetected. Serum eosinophilia and/or IgE elevations have been observed in up to 30 % of cases [33, 34] .
Imaging findings
The findings of an imaging analysis frequently trigger a clinical suspicion of ISC; therefore, imaging studies are important to avoid the overdiagnosis and underdiagnosis of this condition. ISC may mimic other biliary disorders such as PSC, cholangiocarcinomas, and pancreatic cancers on imaging based on the extent and site of the biliary stricture [35, 36] . Imaging modalities that are commonly used in the 
US
Since patients with ISC typically present with obstructive jaundice, US is initially performed on most patients with ISC in order to confirm the presence or absence of biliary obstruction [14, 15] .
CT/MR
Once biliary strictures are suspected, CT and MR are performed in order to better characterize pancreatobiliary abnormalities (Fig. 2) . Although CT is commonly used to evaluate pancreatobiliary diseases, MR imaging with MR cholangiopancreatography generally provides more comprehensive information in this clinical setting [37, 38] . This non-invasive approach is useful not only for evaluating the location, distribution, and degree of the biliary strictures by MR cholangiopancreatography, but also for demonstrating other abnormalities such as bile duct wall thickening and unusual enhancement patterns using pre-contrast and dynamic contrast-enhanced MR images. In patients with concomitant AIP, the pancreas shows imaging abnormalities highly specific for the diagnosis (e.g., diffuse enlargement, capsule-like rim around the pancreas, and irregular narrowing of the main pancreatic duct) [39, 40] ; therefore, the diagnostic approach needs to primarily target the pancreatic lesion. CT and MR imaging also sometimes depict IgG4-RD in other intra-abdominal organs unexpectedly. Common examples are round or wedge-shaped renal cortical lesions, peripheral cortical nodules, mass-like lesions, and pelvic wall thickening in the kidneys; soft-tissue masses surrounding the aorta and its branches in the retroperitoneum and mesentery; and lymphadenopathy [41] [42] [43] [44] . An imaging diagnosis of ISC becomes highly challenging in patients with no recognizable lesion in other organs [45, 46] . The image findings useful for the diagnosis of ISC include multifocal biliary strictures, a markedly thickened bile duct wall (mean wall thickness, 4.9 mm), a smooth outer margin, a narrow but visible lumen, hyperenhancement during the late arterial phase, homogeneous hyperenhancement during the delayed phase, concurrent gallbladder wall thickening, and no vascular invasion (Fig. 2) [47] [48] [49] [50] . In contrast, findings more likely to suggest cholangiocarcinoma are strictures longer than 12 mm, asymmetric narrowing segments, indistinct outer margins, and hyperenhancement relative to the liver during the venous phase [51, 52] . When the biliary stricture of ISC involves the intra-and extrahepatic bile ducts, it may mimic PSC. Imaging features that favor ISC over PSC are multifocal strictures, a single-layer bile duct wall thickness greater than 2.5 mm, long and continuous involvement of the bile duct, diffuse gallbladder wall thickening, and the absence of liver parenchymal changes [47, 49, 50, 53, 54] .
ERC
Although ERC is superior to MR cholangiography for demonstrating luminal changes in the bile duct, ERC is clearly more invasive than MR with a risk of post-ERC acute pancreatitis. The incidence of ERC used in patients with suspected ISC varies widely among regions because of the different guidelines applied, distinct insurance systems, and physicians' preferences. Dilation after confluent stricture ([10 mm) is a characteristic feature of ISC [35] . Classic cholangiographic findings of PSC, such as a bandlike stricture, a beaded appearance, pruned tree appearance, and diverticulum-like outpouching are rare in ISC [35] . These differences in imaging findings likely represent histopathological features in which mucosal damage is more extensive in PSC, while the fibroinflammatory process transmurally affecting the duct wall characterizes ISC.
IDUS
This modality helps to demonstrate circumferential thickening of the bile duct wall, smooth outer and inner margins, and a homogeneous luminal echo [55] . These features, which are characteristic of ISC, are observed not only in stenotic areas but also in non-stenotic parts of the bile duct or even the gallbladder. Similar findings may also be obtained by endoscopic ultrasound (EUS). A caveat is that cholangiocarcinomas with extensive intraepithelial tumor spread may exhibit similar abnormalities.
PVCS
A common finding in ISC is dilated tortuous vessels not associated with partially enlarged vessels [56] . Cholangiocarcinomas may also show dilated and torturous vessels, but also have partially enlarged vessels. Another beneficial aspect of this modality is the opportunity to perform bile duct biopsy under cholangioscopy [57] .
Pathology Large duct cholangiopathy
The affected ducts show diffuse and circumferential wall thickening, with the overall appearance resembling a pipe stem ( Fig. 3a) [58] . The mucosal surface is relatively smooth with no ulceration or intraductal granulation tissue. In some cases, ISC manifests as periductal mass lesions typically involving perihilar ducts, referred to as an IgG4-related inflammatory pseudotumor [59] . Since massforming ISC mimics hilar cholangiocarcinoma on imaging, surgical resection has sometimes been performed for suspected malignancies.
IgG4-related sclerosing cholangitis histologically exhibits transmural fibroinflammatory processes, in which a Contrast-enhanced CT with a coronal plan demonstrates enhanced wall thickening of the perihilar bile duct (black arrows) and peripancreatic fat stranding around the head of the pancreas (white arrows). b MR cholangiopancreatography shows severe stricture of the perihilar bile duct with associated upstream biliary dilatation (large arrows). Focal narrowing of the distal common bile duct and irregular narrowing of the main pancreatic duct (small arrows) are also noted. Case 2, proximal ISC with AIP: c Contrast-enhanced CT demonstrates enhanced wall thickening of the perihilar bile duct (arrow). d Contrast-enhanced MRI with a coronal plan shows diffusely enhanced wall thickening of the extra-and intrahepatic bile ducts (small arrows). Focal narrowing of the distal common bile duct is also noted (large arrow). Case 3, isolated ISC: e T2-weighted MR image with a coronal plan shows a long-segment stricture involving the extrahepatic bile ducts (arrows) with associated upstream biliary ductal dilatation. f Contrast-enhanced MRI with a coronal plan demonstrates diffuse enhanced wall thickening of the extrahepatic bile ducts (arrows) J Gastroenterol (2016) 51:295-312 299 inflammation and fibrosis are evenly distributed from the mucosal surface to subserosa [23] . Another feature is that the lining surface epithelium and peribiliary glands are intact despite the severe fibroinflammatory process [23, 58] . Infiltrating inflammatory cells are mainly lymphocytes and plasma cells (Fig. 3b) . Eosinophilic infiltration is also noted in most cases, whereas neutrophils, abscess, and necrosis are not. Some degree of fibrosis is always present, even in patients who present acutely. A characteristic pattern of fibrosis is called storiform fibrosis, in which collagen fibers are arranged in an irregularly whorled pattern (Fig. 3c) . The fibroinflammatory process is pronounced around veins, leading to partial or complete obliteration, and this histological finding is called obliterative phlebitis (Fig. 3d) . Inflammation also sometimes extends along nerve fibers.
Immunostaining for IgG4 reveals the massive infiltration of IgG4-positive plasma cells (Fig. 3e ). These cells are represents an early sign of obliterative phlebitis. e IgG4 immunostaining demonstrates many IgG4-positive plasma cells. f Although macrophages are not conspicuous on H&E-stained sections, CD163 immunostaining reveals abundant M2-type macrophages expected to be diffusely present, and focal aggregation is not typical for this condition. The cut-off values for IgG4-positive plasma cells proposed for ISC are [50 cells/hpf for surgical specimens and [10 cells/hpf for biopsy samples [60] . The ratio of IgG4-positive to total IgG-positive plasma cells is greater than 40 % [60] . This ratio criterion helps to discriminate ISC from other biliary diseases with the non-specific infiltration of IgG4-positive plasma cells.
Small duct cholangiopathy
The main target of ISC appears to be the large bile ducts; however, the inflammatory process extends into the intrahepatic bile ducts along periductal connective tissue and Glisson's capsule in up to 30 % of cases [61, 62] . Small duct ISC always accompanies large duct disease with no cases of pure small-duct ISC (like small-duct PSC) being reported [62] . Small duct involvement may be confirmed by liver biopsy. Histologically, affected portal tracts are enlarged with a dense inflammatory infiltrate consisting mainly of lymphocytes and plasma cells [58, 62] . Eosinophils are also present. A bile ductular reaction is noted particularly in patients with biliary obstruction. Reactive bile ductules are associated with neutrophilic infiltration. Therefore, although neutrophilic infiltration is generally regarded as a histological finding against the diagnosis of IgG4-RD, this is not the case in liver needle biopsies. Bile ducts are slightly damaged, as evidenced by an irregularity in the lining epithelium, whereas bile duct loss is less likely to occur even in cases of longstanding ISC. Most cases do not have typical obliterative phlebitis in small portal tracts. Microscopic small nodules consisting of fibrosis and inflammatory infiltrates may form around the portal tracts. This finding, which was originally called portal inflammatory nodules, likely represents storiform fibrosis at this site, and is highly specific for the diagnosis of ISC [63] . Immunostaining demonstrates the infiltration of IgG4-positive plasma cells ([10 cells/hpf) in the affected portal tracts with an increase in the ratio of IgG4/ IgG-positive cells to greater than 40 %.
Diagnostic approach
One of the two diagnostic criteria proposed for ISC is called the HISORt criteria, which were originally designed for type 1 AIP; however, its application was further expanded to the biliary disease [14, 64, 65] . Another diagnostic criterion for ISC was proposed by Japanese investigators [66] . Although there are minor differences between the two proposals, the overall multidisciplinary approach is the same. Features on imaging, serology, histology, other organ involvement, and responses to steroid therapy need to be considered for a diagnosis. It is important to note that [95 % of patients with ISC have concomitant type 1 AIP. In these cases, the diagnostic approach is toward the pancreatic disease because IgG4-related pancreatitis is easier to diagnose than ISC in most cases. The diagnosis of type 1 AIP needs to follow the International Consensus Diagnostic Criteria [67] . In patients with suspected isolated ISC, serum IgG4 elevations and imaging features are not sufficient to reach a concrete diagnosis; therefore, other organ involvement needs to be confirmed and/or a tissue diagnosis performed. If the diagnosis remains non-conclusive even with histology, steroid trials may be considered; however, the possibility of malignancy should be carefully excluded before commencing immunosuppression.
Differential diagnosis Cholangiocarcinoma
Many earlier cases of ISC underwent surgery for suspected malignancies, suggesting the leading differential diagnosis of ISC to be cholangiocarcinoma, particularly in cases of localized or mass-forming cholangitis. The serological test for IgG4 is not always conclusive for this differential diagnosis as described above. If imaging features are also not diagnostic, a tissue examination is needed. In this clinical setting, bile duct biopsy and biliary cytology are more useful than liver needle biopsy (Fig. 4a, b) [68] . Although some patients may require steroid trials, if imaging abnormalities do not improve in the first 2-3 weeks after the initiation of steroid therapy, the diagnosis of ISC will be questioned.
Primary sclerosing cholangitis (PSC)
Clinical features differ between ISC and PSC. PSC is more likely in patients younger than 40 years and those who have a history of inflammatory bowel disease. Cholangiography is also useful; however, the findings obtained need to be reviewed by experienced radiologists or endoscopists [35, 69] . From a histological point of view, this differential diagnosis is relatively straightforward if resected bile duct specimens are available [58] . Unlike ISC, which is a transmural fibroinflammatory process, PSC generally shows more mucosa-targeted tissue damage with ulceration and xanthogranulomatous inflammation. Obliterative phlebitis and storiform fibrosis support the diagnosis of ISC, while neutrophilic infiltration and fibroobliteration of the bile ducts are more consistent with PSC. Small veins are often obliterated in PSC, but are not associated with an inflammatory infiltrate [70] . Although IgG4-positive plasma cells may be present in PSC [70, 71] , their number and ratio to IgG-positive plasma cells are markedly smaller than those in ISC. More importantly, IgG4-positive plasma cells are not diffusely present in PSC [70, 71] .
Although this differential diagnosis becomes more difficult in biopsy samples, liver needle biopsies often assist in determining the nature of sclerosing cholangitis. Histological findings in both conditions include portal inflammation, a bile ductular reaction, and copper-associated protein deposition in periportal hepatocytes; therefore, these are not useful for the discrimination [61] . Fibroobliterative changes such as periductal concentric fibrosis however, bile duct injury is less conspicuous than that in PSC. d IgG4 immunostaining shows many IgG4-positive plasma cells, in keeping with ISC. e Follicular cholangitis is characterized by dense lymphocytic infiltration with many lymphoid follicles. f Sclerosing cholangitis with GEL shows intraepithelial neutrophilic infiltration and periductal fibrosis (arrow) and bile duct loss suggest PSC over ISC, while the presence of IgG4-positive plasma cell infiltration ([10 per high-power field) indicates ISC (Fig. 4c, d) [58, 72] . In our experience, liver biopsies suggest either condition in approximately 40 % of patients who have sclerosing cholangitis of an unknown cause.
Follicular cholangitis
Follicular cholangitis is another form of lymphoplasmacytic cholangitis. This condition is estimated to be rare with less than a dozen cases being reported [73] [74] [75] [76] . Patients typically lack any serological autoimmune abnormalities or associated immune-mediated conditions in other organs. A tissue examination is essential for a conclusive diagnosis. Follicular cholangitis usually affects perihilar large bile ducts, but broad cholangiopathy mimicking ISC or PSC is rarely encountered [73] . A characteristic histological feature is duct-centered inflammation associated with many lymphoid follicles (Fig. 4e) . Fibrosis is less conspicuous than ISC. The inflammatory infiltrate in follicular cholangitis is more lymphocytic and less plasmacytic than that in ISC. A similar inflammatory process rich in lymphoid follicles may develop in the pancreas and gallbladder, referred to as follicular pancreatitis and follicular cholecystitis, respectively [73, 77] . Whether or not serum IgG4 levels can be elevated in this condition is unknown. As all cases reported so far were diagnosed by tissue examination of the resected tissue, steroid responsiveness is another unanswered question.
Sclerosing cholangitis with granulocytic epithelial lesion (GEL)
GEL is a pathognomonic histological finding of type 2 AIP [78, 79] . It is characterized by a large number of neutrophils infiltrating the lining epithelium of the pancreatic duct. A similar neutrophil-rich duct injury was recently identified in a subset (2 %) of ''primary'' sclerosing cholangitis cases, particularly in pediatric cases [80] . Five patients in the original study showed a good response to steroids and were in remission for a number of years, indicating that GEL serves as a histological sign of steroid responsiveness in patients with sclerosing cholangitis [80] . Histologically, a large number of neutrophils infiltrate the epithelial layer of the small bile ducts, leading to an irregular configuration of the lining epithelium (Fig. 4f) . Other histological findings such as periductal concentric fibrosis are basically similar to those in PSC. GEL histologically differs from suppurative cholangitis in that neutrophils are mainly present in the epithelial layer, but not inside the duct lumen. Although reactive bile ductules also commonly have neutrophilic infiltration, bile duct GEL is distinct from reactive bile ductules because GEL originates from the principal bile ducts, not the ductules. The recognition of this entity suggests that steroid-responsive sclerosing cholangitis is not always ISC.
Non-IgG4-related inflammatory pseudotumors
Mass-forming ISC is called an IgG4-related inflammatory pseudotumor [59] . Two subtypes of hepatic inflammatory pseudotumors have been recognized to date; one is IgG4-related, while the other, named the fibrohistiocytic type, is not. Unlike the IgG4-related type, which typically affects hilar bile ducts, the fibrohistiocytic type more commonly occurs in the liver parenchyma exhibiting nodular lesions [59] . Histologically, the non-IgG4-related fibrohistiocytic type shows an extensive xanthogranulomatous reaction. Although IgG4-positive plasma cells may moderately increase in number, these two conditions are distinguishable from each other based on H&E-stained sections. The IgG4/IgG-positive cell ratio does not exceed 40 % in the fibrohistiocytic type [59] . Similar to mass-forming ISC, non-IgG4-related pseudotumors sometimes show spontaneous regression; however, it currently remains unclear whether steroid therapy is effective.
Hepatic pseudolymphoma
This is another mass-forming inflammatory condition in the liver [81] . Patients with hepatic pseudolymphoma sometimes have autoimmune diseases outside the liver or a history of malignancy. In this condition, solitary or multiple inflammatory nodules are formed within the liver parenchyma. Unlike ISC, hilar duct involvement is uncommon. Histologically, this condition is more lymphoid in appearance with no increases in the number of IgG4-positive plasma cells [81] .
Treatment and outcome
The treatment strategy is basically similar to that for type 1 AIP [17] . Immunosuppressive therapy with high-dose steroids (prednisone at a dose of 30-40 mg per day) is the treatment of choice, and generally leads to the rapid and consistent induction of disease remission (Fig. 5a) [14, 17, 27] . In Asian countries including Japan, after achieving remission, high-dose steroid administration is followed by a slow taper over several months to a low maintenance dose (equivalent of 2.5-10 mg of prednisone per day), which is continued for at least 1-3 years [82, 83] . In contrast, in the West, steroid therapy is completely withdrawn after the successful induction of remission and the tapering period (typically 5 mg each weak) [14, 84, 85] . A retrospective study of type 1 AIP showed that the relapse rate was slightly higher in patients with maintenance steroids than in those with no maintenance therapy [86] . Although rare cases of ISC refractory to corticosteroids have been documented (Fig. 5b) , the diagnosis of ISC needs to be double-checked when the effects of corticosteroids are less than expected.
Disease relapse occurs in approximately 30-50 % of patients either during the steroid taper or after the discontinuation of steroids, particularly in the first couple of years [17] . Known risk factors for relapse include increased IgG4 levels and the presence of proximal bile duct strictures [87] . Relapsed disease develops either at the same site as the original disease or in a different portion of the biliary tree [87] . New lesions may also appear in other organs. Additional high-dose steroids remain highly successful for the re-induction of remission in patients with relapse [87] . Other approaches include immunomodulators such as azathioprine, 6-mecrpatopurine, and mycophenolate mofetil. However, no reliable data is available in terms of how effective these drugs are in the re-induction of remission in patients with relapsed ISC [87] .
Rituximab, a monoclonal CD20 antibody leading to B-cell depletion, has been increasingly recognized as a promising treatment for IgG4-RD [87] [88] [89] [90] . The first reported patient with IgG4-RD who was given rituximab had relapsed ISC [88] . His steroid-refractory biliary disease was treated with rituximab, and remission was successfully achieved [88] . Based on the findings of subsequent studies including a recent phase I/II study, rituximab appears to be effective for inducing and maintaining remission; therefore, it may be worth considering for patients with previous intolerance to high-dose steroids and those at high risk of relapse [87, 89, 91] . It is important to note there are two protocols for rituximab therapy. The B-cell lymphoma dosing protocol consists of 375 mg/m 2 body surface area (BSA) weekly 9 4 weeks, followed by infusions every 2-3 months [87] . The second protocol, which was used in the phase I/II study, is the same as that for rheumatoid arthritis (1000 mg/dose 2 weeks apart) [90] . According to the limited data available, the remission rate was similar between the two (80-90 % in patients including many with difficult-to-treat disease), whereas the relapse rate appeared to be slightly higher with the rheumatoid arthritis approach. In terms of long-term outcomes, it remains unclear whether and how fast ISC progresses to liver cirrhosis. In our experience, end-stage liver disease is an uncommon complication in patients with ISC. Except for a single case of non-treated ISC showing early cirrhotic transformation, liver fibrosis was bridging fibrosis at worst in our cohort [58] . However, a previous study reported that four out of 53 patients with ISC eventually developed portal hypertension and cirrhosis within 5 years of the onset of initial symptoms [14] . Another unsolved question is whether ISC increases the risk of malignancy. Recent studies have suggested that the incidence of malignancy in patients with IgG4-RD including ISC is not significantly higher than that in age-and gender-matched control subjects in the first 3 years; however, a longer follow-up is required in order to determine whether a cumulative increase occurs in cancer risk in ISC [20, 92] .
Pathophysiology
The pathogenetic process of IgG4-RD has been suggested to be multifactorial and similar across organ manifestations [17] . This section summarizes the immunological characteristics underlying clinicopathological features (Fig. 6 ). Similar to other immune-mediated conditions, a likely mechanism is that the disease develops in genetically susceptible individuals exposed to external or endogenous antigens [17] .
Etiology
IgG4-RD including ISC was originally suspected to be an autoimmune disorder based on its frequent association with serological autoimmune abnormalities (e.g., ANA positivity) and steroid responsiveness [93, 94] . However, this possibility has been questioned. Unlike classic autoimmune disorders, patients with IgG4-RD are older (median age, 67 years) and 80 % are male. No disease-specific autoantibodies have been identified to date. Other suspected pathogenetic processes include allergic reactions, a lymphoproliferative nature, and immune-complex deposition disease; however, no conclusive data is available for any of these possibilities.
Genetic risks
Although the HLA serotypes DRB1*0405 and DQB1*0401 are known to increase susceptibility in Japanese populations [95] , this association has not been proven in other ethnicities [96] . Five non-HLA genes, single-nucleotide polymorphisms (SNP) in which are associated with disease development and/or higher disease activity, are cytotoxic T lymphocyte-associated protein 4 (CTLA4), tumor necrosis factor (TNF), Fc receptor-like 3 (FCRL3), trypsin 1 (PRSS1), and cystic fibrosis transmembrane conductance regulator (CFTR) [97] [98] [99] [100] [101] . More comprehensive analyses such as genome-wide association studies (GSWAs) are needed in order to more fully understand the genetic risks of this condition.
IgG4 molecules
IgG4 is a key molecule in immunological reactions in ISC because massive infiltration by IgG4-positive plasma cells is a consistent histological hallmark of this condition. However, it remains unclear whether IgG4 molecules are induced in a pro-or anti-inflammatory manner. When IgG4 elevations were previously discovered in patients with type 1 AIP, many investigators suspected that IgG4 functioned as a tissue-destructive antibody. However, IgG4-type autoantibodies have never been confirmed in patients with IgG4-RD. A general view is that IgG4 is a non-inflammatory antibody because of its relative inability to fix complement and its poor capacity to bind to Fc receptors [102, 103] . Another unique feature of IgG4 molecules is ''Fab-arm exchange'', a process in which a pair of heavy and light chains of an IgG4 antibody is exchanged with those derived from another IgG4 [104] . Due to this structural change, IgG4 molecules become asymmetric, and eventually lose their antigen cross-linking ability, behave as monovalent antibodies, and become incapable of forming large immune complexes [17] . Due to the anti-inflammatory properties of IgG4, many investigators currently suspect that IgG4 may be secondarily induced to dampen extensive immune reactions in IgG4-RD.
T cell response
Two subsets of T-cells that are known to be up-regulated in ISC are T-helper (Th) 2 lymphocytes and regulatory T cells (Tregs) [105, 106] . A caveat is that Th1 lymphocytes are not completely suppressed because the number of Th1 lymphocytes and expression of Th1 cytokines are similar to those in PSC. In contrast, Th2 cytokines such as IL-4, IL-5, and IL-13 are significantly overexpressed [105] . Th2-dominant immune reactions in ISC seem to be reasonable because patients sometimes have serum eosinophilia and elevated IgE concentrations. Th2 cytokines produced in tissue may be involved in these systemic serological features [105, 106] . IL-21 was recently proven to be up-regulated in IgG4-related sialodacryoadenitis [107] . This cytokine, which is produced by Th2 and T follicular helper (Tfh) cells, leads to germinal center formation [108] . However, it is important to note that germinal center formation is less common in ISC than in IgG4-related sialodacryoadenitis [5] . A more recent study also demonstrated that the number of circulating Tfh2 cells was increased in patients with IgG4-RD, and these numbers correlated with plasmablast counts and the serum levels of IL-4 and IgG4 [109] . Since Tfh cells are a distinct subset of CD4? T cells that expedite B-cell and plasma cell differentiation, Thf2 cells may play a crucial role in T-cell-Bcell interactions in IgG4-RD.
Tregs are also likely activated in ISC. This is another reason why ISC is considered to be a non-autoimmune disease because the functions of this subset of immunesuppressive T cells are generally decreased in classic autoimmune disorders [110, 111] . Histologically, a large number of FOXP3? CD4? CD25? Tregs has been observed in bile duct tissue with ISC, along with the overexpression of two regulatory cytokines (IL-10 and TGF-b) [105, 112] . IL-10 is suspected to participate in an IgG4 class-switch in B cells. When IL-4 and IL-10 simultaneously act on B cells, the production of IgG4 is known to be selectively induced [113] . Therefore, Treg activation against the background of Th2-dominant immune reactions may provide a driving force toward an IgG4 class switch via IL-4 and IL-10. TGF-b is a strong fibrogenic cytokine, likely contributing to fibrosis in ISC [106] .
Chemokines and chemokine receptors
The roles of chemotactic factors in the immunopathology of IgG4-RD are poorly understood, with only less than a dozen chemotactic factors known to be upregulated (e.g., CXCL13, CCL18, and CCR4) [114, 115] . A critical question is which chemotactic factors are involved in creating a milieu rich in Th2 and Tregs. We investigated the expression of Th2 chemokines and their receptors, and found that CCL1 and CCR8 were up-regulated in ISC [17] . Reprinted with permission from Elsevier Inc.) [116] . These two molecules are probably important because 50 % of Th2 lymphocytes and 60 % of FOXP3? Tregs express CCR8 [117] . CCL1 is expressed in the ductal and glandular epithelia in ISC. CCR8-positive lymphocytes are also present around the bile ducts and peribiliary glands, suggesting CCL1-CCR8 interactions operating in these particular microscopic foci [116] . Another source of CCL1 in ISC is endothelial cells. The endothelium involved in obliterative phlebitis is positive for CCL1 and is infiltrated by CCR8-positive lymphocytes, suggesting that CCL1-CCR8 interactions may also cause obliterative phlebitis [116] .
It currently remains unclear why the biliary epithelium is intact despite the expression of CCL1. Although there are CCR8-positive Th2 lymphocytes and Tregs around the ducts, intraepithelial lymphocytes are rare. One possible explanation is that Th2 lymphocytes and Tregs may not be strong enough to infiltrate the basement membrane. A previous study demonstrated that the bile duct epithelium is damaged at the molecular level despite its unremarkable morphological appearance. The biliary epithelium in ISC has impaired barrier function because of the abnormal expression of cell adhesion molecules such as claudins, which are supposedly induced by a direct interaction between Th2 cytokines and their receptors expressed on cholangiocytes [118] .
Expansion of B-cell subsets
Recent studies have examined the B-cell aspects of IgG4-RD, and their findings have been reinforced by the clinical observation that B-cell depletion therapy with anti-CD20 antibodies is effective in patients with IgG4-RD [87, 90] . Two subsets of B cells (regulatory B cells [Bregs] and plasmablasts) are upregulated in IgG4-RD. Similar to Tregs, a subset of Bregs may be activated under these conditions [119] . A recent study suggested that IL-10-producing Bregs have a strong capacity to produce IgG4 [120] ; however, their involvement in this particular condition remains to be examined. Molecular studies using a next-generation sequencing protocol have identified the oligoclonal expansion of IgG4-switched B cells and CD19? CD20-CD27? CD38? plasmablasts in IgG4-RD [112, 121] . Circulating plasmablasts are largely IgG4-positive, and have undergone extensive somatic hypermutation [121, 122] . Recombinant IgG4 molecules derived from the most dominant IgG4-positive plasmablasts in a patient with IgG4-RD were also shown to react with human cells [121] .
A recent global proteomic study on ISC and PSC also highlighted the involvement of B cells in the pathogenesis of ISC [123] . Protein profiles in the frozen bile duct tissue of ISC were compared with those of PSC. To the best of our knowledge, this was the first non-biased global tissue examination of ISC. A robust proteomic approach with phosphopeptide enrichment methods identified 23,373 peptides and 4870 proteins, including 4801 phosphopeptides and 1121 phosphoproteins [123] . The expression profiles of phosphopeptides discriminated ISC from PSC better than those of non-phosphopeptides, suggesting that the phosphorylation status of proteins better characterizes these conditions than their expression levels (Fig. 7a ) [123] . In the pathway analysis based on strongly expressed or highly phosphorylated proteins, ISC was found to have 11 more activated signal cascades including three immunological pathways than PSC. Interestingly, the three immune cascades were all B-cell-or immunoglobulin-related. The most significantly modulated immunological pathway was Fc-gamma receptor-mediated phagocytosis (Fig. 7b) [123] . This is a signal cascade that is triggered by the interaction between IgG molecules and Fc-gamma receptors on the cell membrane. It is important to note here again that IgG4 has a poor capacity to bind to Fc receptors [102] . Therefore, it remains unclear whether IgG4 or other IgG subclasses activate this signaling pathway under this particular condition. The other two activated cascades were the B-cell receptor signaling pathway and Fc-epsilon receptor I signaling pathway [123] . Since no pathways directly related to T cells were significantly modulated between the two conditions, B-cell immune responses may better discriminate the immunological features of ISC and PSC. This may be one reason for why rituximab works well in patients with ISC.
Macrophage activation
Macrophages are difficult to identify in ISC on H&E-stained sections or even using immunostaining for CD68, the most commonly used marker for macrophages. However, immunostaining for CD163, which is expressed on M2-type macrophages, shows that this subset of macrophages is abundant in bile duct tissue with ISC (Fig. 3f ) [123, 124] . The signal cascade ''Fc-gamma receptor-mediated phagocytosis'', which was determined to be significantly activated in ISC by a proteomic study, also occurs inside macrophages. Macrophages, particularly the M2 type, may be involved in orchestral immune reactions as well as in extracellular matrix remodeling in ISC.
Future perspectives
In the last decade, as ISC has been increasingly recognized as a novel form of sclerosing cholangiopathy, our knowledge on this condition, particularly in terms of its diagnosis and systemic manifestations, has expanded. In the next decade, further efforts are needed in order to elucidate the long-term outcomes of and establish the best treatment strategy for patients with ISC. More studies are also required for obtaining a better understanding of its pathophysiology. It still remains unknown why IgG4 is selectively induced in this condition. Given the rarity of ISC, multi-institutional collaborations are necessary to answer these questions. Specialists in other fields (e.g., immunologists and molecular biologists) will also be welcomed to future developments in this field.
b Fig. 7 Protein expression profiles in frozen bile duct samples of ISC.
a Proteins extracted from frozen bile duct samples of ISC and PSC cases (n = 4 each) were examined in a global non-biased manner. Clustering analysis of ISC and PSC cases was performed based on the expression profiles of non-phosphopeptides, phosphopeptides, or both. The analysis based on phosphopeptides only showed better separation than the other two. Each row represents individual peptides identified by the proteomic analysis. Since whole heat maps are very long, only representative areas are shown. b The most significantly activated signaling pathways in ISC. Many proteins involved in these cascades were more abundant (marked with red stars) or more phosphorylated (marked with ''P'' marks) in ISC. (2015 copyright by John Wiley & Sons Ltd. Reprinted from Zen et al. [123] 
